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[57] ABSTRACT

A method for testing whether an excessively high elec-
trical current caused or was caused by a fire. A melt
bead from an electrical conductor is selected from the
region of a fire. Its relative oxygen concentration-depth
profile is measured by chemical surface analysis, re-
corded and plotted. The oxygen concentration i1s low
and its peak is below about 200 Angstroms when the fire
causes the short because the melt bead was formed in a
relatively oxygen poor ambient atmosphere. The oxy-
gen concentration is higher and peaks between 200 and
2000 Angstroms when the short causes the fire because
the melt bead was formed in a relatively oxygen rich
ambient atmosphere. The oxygen concentration is still
greater and remains high to a substantially greater depth
of, for example, 20,000 to 40,000 Angstroms, when the
conductor had been subjected to an overload current
for a substantial time period.

12 Claims, 8 Drawing Figures
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1
METHODS FOR USE IN FIRE INVESTIGATION

~ TECHNICAL FIELD

This invention relates to testing methods and analysis
as an aid in determining the origin or cause of a fire in
a vehicle, building structure or the like. More particu-
larly, the invention relates to the selection and chemical
analysis of portions of electrical wiring or other electri-
cally conductive materials which exhibit signs of having
melted at the time of the fire. -

BACKGROUND ART

The investigation of a destructive fire to find its cause
is necessary in order to determine whether there should
be any civil liability due to defective products or work-
manship and to determine whether the fire was caused
by arson. |

Through education, training and experience many
individuals are able to inspect a fire scene and, based on

fire patterns and other evidence observed at the scene,

form an expert opinion on the cause and origin of the
fire.

However, electrical malfunctions pose particularly
difficult problems for an investigator because the extrin-
sic evidence looks the same whether a short circuit
caused or was caused by a fire. For example, a staple
through a Romex cable, an overloaded circuit or poorly
installed conductors can cause an overload or overcur-
rent in the wires and, over a long period of time result
in a breakdown of the insulation. Eventually, the con-
ductors may come into contact with each other and
short circuit.

Similarly, however, a raging fire or a fire from a trash
can, cooking stove or the like, may itself destroy the
insulating and subsequently result in an electrically
similar short circuit having the same appearance.

A short circuit caused in either manner is usually
apparent from the presence of melt beads or melted
sections along the copper or aluminum conductors.
Until now, it has been difficult and usually is impossible
to determine whether these short circuits were caused
by or caused the fire. Where, in the past, other evidence
strongly suggested that the short circuit did not cause
the fire, it was still impossible for the expert investigator
to rule out on the basis of a laboratory test or analysis,
for example in court room testimony, the possibility that
the short circuit had caused the fire.

BRIEF DISCLOSURE OF THE INVENTION

The invention is based on the theory that a short
circuit in electrical wiring or other electrically induced
melting of a conductive material if it causes a fire will
occur in an ambient atmosphere which has a relatively
abundant oxygen supply. Thus, in most building struc-
ture or vehicle fires in which a short circuit causes the
fire, the short would occur in the ordinary atmospheric
gas composition which contains approximately 20%
oxygen. |

However, if the short circuit is caused by the fire, the
ambient atmosphere at the time of the short circuit
would have relatively little free oxygen due to the fact
that large quantities of oxygen are being consumed by
the surrounding combustion. Therefore, the oxygen
concentration in the melt beads would be relatively
different if the short occurred in a relatively oxygen
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2 |
rich atmosphere than if the short occurred in a rela-
tively oxygen poor atmosphere.

Copper or aluminum conductors as manufactured
contain only trace amounts of oxygen. Older conduc-
tors which have been installed for some time often ex-
hibit some corrosion .and therefore may have some sur-
face oxygen combined with the copper or aluminum to
form an oxide. However, this oxygen is usually present
in a thin surface layer and only to a depth of approxi-
mately 50 angstroms. Beneath this surface oxidation, the
wire is in substantially the same form and chemical
composition as it was immediately after it was originally
manufactured.

We have found that a reliable indicator of the condi-
tions under which a short circuit occurred is an oxygen
concentration-depth profile. Such a concentration-
depth profile is obtained by measuring the relative oxy-
gen concentration at a plurality of depths by the use of
modern, chemical, surface analysis techniques.

The invention is essentially a method for testing
whether an excessively high electrical current caused or
was caused by a fire. The method comprises the steps of -
first selecting from the region of a fire a specimen which
1s an electrical conductor having a portion which has
been melted after its original manufacture and secondly
measuring and recording the relative oxygen concentra-
tion at a plurality of depths below the surface of the
melted portion. Preferably, the oxygen concentration is
plotted on a graph as a function of depth below the
surface to give an oxygen concentration-depth profile.

The method further contemplates measuring the
depth beneath the surface of a melt bead at which the
relative oxygen concentration reaches a peak. It further
contemplates measuring the magnitude of the peak of
the relative oxygen concentration below the surface of
the melt bead. As a further embodiment, a cross-sec-
tional surface through the bead may be exposed and
analyzed by a line scan, spectroscopy, surface analysis
to measure the relative oxygen concentration across the
cross-sectional surface. This indicates whether a remelt
of a melt bead has occurred.

The method of the invention may be applied not only
to shorted electrical conductors but also to other melted
conductive materials to determine whether their melt-
ing occurred at the initiation of a fire or after it began.
This would apply, for example, in a situation where
electrical conductors may have fallen upon a grounded
metallic plumbing appliance such as a bathtub.

In performing the methods of the present invention,
both the magnitude of the oxygen concentration at
various levels beneath the surface of the melted conduc-
tive material as well as the depth to which the oxygen
has migrated are significant.

Generally, we have found that, in the case where a
fire causes a short circuit, the oxygen concentration-
depth profile exhibits the characteristics that relatively
little oxygen is found in the surface of a melt bead and
turther that the oxygen concentration falls off relatively
rapidly toward the interior of the wire. We have found,
for example, that, in a typical case, oxygen concentra-
tion peaks at a depth of 200 angstroms or less and there-

- after diminishes relatively rapidly.

65

Therefore, in the case where a fire causes a short
circuit which therefore occurs in an oxygen poor atmo-
sphere, the oxygen concentration-depth profile has a
relatively low peak oxygen concentration whir h occurs
less than about 200 angstroms below the surface and the
oxygen concentration falls off rapidly.



4,182,959

3

In the circumstances where the short circuit causes a
fire, so that the short circuit occurred in a relatively
oxygen rich atmosphere, we have found that the oxy-
gen concentration-depth profile is characterized by
there being more oxygen, a higher oxygen concentra-
tion peak, the oxygen extending deeper into the surface

of the conductive material, and the oxygen concentra--

tion falling off slower, that is, with alesser gradient.

For example, in a typical case the oxygen concentra-
tion-depth profile will peak at a depth from about 200
angstroms to 2,000 angstroms and thereafter fall off
very slowly.

In a third situation, an electncal cenductor may be.

subjected to an overcurrent for a long period of time as
a result of an electrical overload. In such a situation, the
conductor may be heated for many hours or days prior
to the occurrence of any fire. We have found that the
oxygen concentration is considerably more than in ei-
ther of the first two situations and extends to a consider-
ably greater depth. In this situation the peak oxygen
concentration will not only be greater but the oxygen
will extend considerably further into the interior of the
conductive material, for example, to a depth of 20,000
to 40,000 angstroms. Thus, the oxygen concentration-
depth profile for the overcurrent situation i1s character-
ized by a rapid increase to a high peak and a levelling
off at a value near the peak which extends to a consider-
ably greater depth than occurs in the first two situa-
tions.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graph illustrating typical oxygen concen-
tratlon-depth profile curves for the above three condi-
tions which is based on experimental data.

FIG. 2 is a graph illustrating a method for calibrating
the etching rate of a chemical surface analysis instru-
ment.

FIGS. 3-6 are graphs 1llustrat1ng data for several
particular examples of the present invention.
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FIGS. 7 and 8 illustrate oxygen concentration-depth 40

profiles obtained by line scans across a cross-section of
a melt bead to determine whether a remelt has oc-
curred.

BEST MODE FOR CARRYING OUT THE
INVENTION

In inspecting a fire scene, an investigator may find
one or several places at which electrical wiring has been
severed as shown by ends of bare wires drooping down.
On the ends or sides of some of these wires there may be

melt beads which indicate that a portion of the metal

from which the wire is fabricated, was melted and may
have splattered off. Such melt beads usually, though not
always, have a generally convex spherical, surface
which is characteristic of drops of liquid.

In performing the method of the present invention
the investigator should preferably select as a specimen,
pieces of wire having melt beads which are relatively
symmetrical and have small surface areas which are
sufficiently smooth to permit analysis by surface spec-
troscopy. A bead surface which appears smooth at a
magnification in the range of 10X to 20X is deemed to
be sufficiently smooth.

The investigator may select a few samples from each
occurrence of an apparent short circuit, selecting those
“melt bead samples on the basis of the above criteria.

The selected specimens are then analyzed and mea-
sured to obtain an oxygen concentration-depth profile
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by means of chemical surface analysis. Methods and
procedures for performing a chemical surface analysis
of metals are known in the prior art and apparatus for
use in performing this measurement is commercially
available. The inventors are presently aware of five
companies from which these are available and the com-

- panies are: Physical Electronics Industries, Inc., of

Eden Prairie, Minn.; Varian Associates of Palo Alto,
Calif.; Inficon (Leybold-Heraeus) East Syracuse, N.Y ;
GCA/McPherson Instrument Company, Acton, Mass.;
and 3M Company of St. Paul, Minn.

In these methods, the surface of the specimen, such as
a melt bead surface, is irradiated with atomic particles
causing atomic particles from the specimen to be
ejected. The energy of the ejected particles is then de-
tected and is indicative of the elemental composition of

the specimen.

Currently there are three systems for surface analy51s
known in the prior art and these are: ESCA, which is
electron spectroscopy for chemical analysis; AES,
which is Auger electron spectroscopy; and SIMS,
which represents secondary ion mass spectrometer.

We prefer the use of Auger spectroscopy in which a
specimen is excited with an electron beam causing mner
shell electrons to be removed from the atoms present in
the specimen through a relaxation mechanism. Outer
shell electrons fill the created vacancies and so-called
“Auger electrons” are ejected from the material and an
“Auger spectrum” is obtained by plotting the derivative
of the electron energy distribution vs. energy.

The electron beam which bombards the surface is
scanned across the surface and as this occurs the surface
is etched off layer by layer. Therefore, as time pro-

gresses the specimen composition 1S measured at pro-

gressively greater depths.

In Auger electron spectroscopy cach clement present
in the specimen has a characteristic energy spectrum.
Thus, the number of électrons emitted from the sample
at a particularly energy level indicates the concentra-
tion of the particular element in the specimen at the
tested depth. Although Auger electron spectroscopy
permits analysis of a specimen for a broad variety of
elements, the invention contemplates the analysis of the
Specunen to determine the oxygen concentratlon at
various depths below the surface. |

As is known in the prior art of Auger electron spec-
troscopy, it is advantageous to electronically differenti-
ate the energy distribution of the emitted electrons (1.e.,
number ejected vs. their energy) with respect to elec-
tron energy in order to obtain large sharp peaks which
stand out much more sharply and well defined against a
relatively flat background. With such differentiation,
the relative oxygen concentration is proportional to the
peak to peak amplitude of the differentated curve of
energy distribution for ejected electrons.

While it is difficult to correlate the peak amplltude of
this Auger spectrum to absolute or actual concentration
of oxygen in the specimen, the relative concentration at
various depths may be determined by comparison of the
relative peak amplitudes of the Auger spectrum.

Since the analysis involves the comparison of relative
concentrations, it 1s obviously important that the instru-
ment be operated under the same conditions for all
testing. For example, if the incident electron beam 1s
one, five or ten KeV for one test, it should be one, five
or ten KeV respectively for other tests in order that
relative concentrations can be compared.
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In testing and measuring specimens in accordance
with the present invention, it has been found that con-
taminating surface elements may have diffused into a
thin surface layer of the metal conductor. This surface
debris may, for example, be carbon or chlorine and
ordinarily is not present below a depth of 25 to 50 ang-
stroms. This is not surprising in view of the fact that
polyvinyl chloride is a common insulating material for
electrical wiring and carbon is a common product. of
combustion.

There may also be materials deposited on the surface
after the bead hardened. For example, during a fire a
bead may drop 1nto ash. Thls should be washed off prior
to analysis.

FIG. 1 graphically 111ustrates plotted data from three
controlled experiments in which the relative oxygen
concentration was measured, recorded and plotted as a
function of dEpth below the surface of a selected melt
bead for use 1n visual analysis.

Graph A represents a situation in which a short cir-
cuit was caused by a fire. In order to obtain the data for

plotting graph A, a section of stove pipe was mounted. -

on top of a screen-covered, three-legged stand with a
Bunsen burner beneath the screen. A hole was drilled
through the stove pipe and a section of white covered
Romex cable was inserted through the hole. The pipe
was partially filled with wood and scraps of carpet. The
Romex cable was energized at 120 volts and the pro-
pane fed Bunsen burner ignited the wood and carpet. A
cover was placed over the top of the pipe to try to keep

the majority of the smoke within the pipe to simulate

actual fire conditions. The fire was allowed to burn until
a short circuit occurred.

Graph A illustrates that the relatlve oxygen Concen-
tration at these conditions was substantially less than
that for graphs B and C. It fell off very rapidly and
became substantially zero at a relatively shallow depth.
Because the oxygen concentration curves asympototi-

cally approach zero, we select and define the point at .

which the concentration becomes substantially zero to
be the knee of the curve, that is, where the curve begins
to level off. In the case of graph A, the curve becomes
substantially zero at approximately a depth of 200 ang-
stroms. |

Graph B represents a situation in which the fire was
caused by a short circuit. To obtain this data, a second
sample was prepared by removing the insulation from
two copper conductors of the type used in electrical
wiring. The opposite ends of the conductors were at-
tached to a 120 voli source with a 20 ampere electrical
fuse. The copper wires were then preheated with a
propane torch for 15 seconds and physically brought
together into contact. The preheating simulated the
preheating which usually occurs in a typical wiring
failure in which a short begins as a leakage current
through a high resistance. With time and deterioration,
the current increases causing more power dissipation in
the short. The beads from this second experiment were
then analyzed by Auger electron spectroscopy and the
resulting data was plotted as graph B.

The peak oxygen concentration of graph B was con-
siderably greater than that for graph A and occurred at
about 300 angstroms. The oxygen concentration fell to
substantially zero at a depth of between 1500 and 2000
angstroms. Furthermore, the concentration gradient at
a depth greater than the peak for graph B was less than

that for graph A because the concentratlon fell off more
gradually.
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'Graph C of FIG. 1 represents an overload or over-
current condition. To obtain the data of graph C, a third
sample was prepared by short circuiting a 3 KV A step-
down transformer with a 10 to 1 turns ratio with a
completely bared copper conductor from which all of
the insulation had been removed. The primary of the
transformer was connected to a variable voltage supply.
The primary current was increased until the secondary
current reached a value of 150 amperes. This overcur-
rent condition heated the copper conductor until the
conductor eventually separated.

A melt bead, formed at the point of separation, was
then analyzed by Auger electron spectroscopy. The
relative oxygen concentration as a function of depth
was plotted as graph C.

From graph C it can be seen that the peak relative
oxygen concentration occurred at about 1000 ang-
stroms and was considerably greater than the peak oxy-
gen concentration for either graph A or graph B. Fur-
thermore, the oxygen concentration remained relatively
high to a relatively greater depth into the interior of the
analyzed melt bead.

In applying Auger electron spectroscopy to the
methods of the present invention, it is necessary to cali-

brate the Auger electron spectroscopy instrument so

that the measured data can be correlated with depth
below the surface of the specimen. In performing the
measurement, the specimen is bombarded with elec-
trons for a period of time during which the surface is
etched away as the ejected electron energies are being
measured. It is therefore necessary to correlate the time
during which bombardment occurs, referred to as sput-
ter time, to the depth achieved. As time progresses
surface layers are removed to an increasingly greater
depth.

To perform this calibration, a gold substrate was
electrodeposited with a layer of copper of precise,
known thickness.

The copper surface was then exposed to Auger elec-
tron spectroscopy and the time measured from the be-
ginning of the bombardment until the appearance of the
element gold in the measured data. Assuming that the
etching is a linear function of time, a conversion factor
can then be determined to convert electron bombard-
ment or sputter time to the depth at which the oxygen
concentration is being measured. In this manner the
etching rate can be calculated.

For example, if the copper layer on the gold substrate
1s 300 angstroms thick and if the element copper disap-
peared in the Auger spectrum after 3 minutes of sputter
time, it can then be calculated that the electron beam
etches the surfaces at a rate of 100 angstroms per min-
ute.

FIG. 215 a graphlcal plot of a typical curve showing
copper concentration as a function of sputter time for
such a copper-on-gold standard. Since the curve has no
discontinuous changes In oxygen concentration, the
actual sputter time i1s defined as the time at which the
copper concentration curve falls to one-half its peak
value. |

In a fire situation it is possible that a melt bead could
be created by a short circuit in the wiring and that
thereafter the intense heat of the fire would further melt
the copper of the wiring and cause it to cover and solid-
ify over the initial melt bead. If this occurred, the results
of the above methods would be invalid. In order to
determine whether or not such a remelt has occurred,
the melt bead, after being tested as above, can have a
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portion removed to expose a cross-sectional surface
through the melt bead.

A line scan, Auger electron spectroscopy analysis,
can then be performed across this exposed surface. With

such a line scan, the impinging electron beam is not
scanned over a surface but rather is scanned along a line

from one edge of the exposed surface to the other. The
results provide an indication of the oxygen concentra-
tion profile from one surface of the melt bead to the
opposite surface.

Referring to FIG. 7, if the line scan analysis shows
two spaced regions of relatively high oxygen concen-
tration separated by an interior central region of essen-
tially no oxygen, it can be concluded that the interior of
the melt bead is chemically identical to the interior of
the copper conductor as it was manufactured and there-
fore no remelt occurred.

However, referring to FIG. 8, a line scan may show
a pair of interior regions of significant oxygen concen-
tration. The two small interior peaks of oxygen suggest
that a remelt occurred. The position of these two small
inner peaks are the positions of the surfaces of the initial
melt bead which later was covered by melted copper,
the surface of which was further oxidized.

Therefore, the absence of such interior oxygen con-
centration peaks shows that there has been no remelt.

EXAMPLES

Six specimens were tested from actual fire investiga-
tions.

EXAMPLE I

A length of stranded copper wire approximately 14
centimeters in length, with a melt bead on one end was
taken from a portion of the power cord from a small
electrical toaster. There was no doubt from other evi-
dence at the fire scene that the small kitchen fire which
resulted originated at the toaster.

The sample was tested in the manner described above
and the measurements are plotted in FIG. 3.

Because the oxygen concentration-depth profile plot-
ted in FIG. 3 rose to a peak, fell and began levelling off
at a depth greater than 200 angstroms but less than 2000
angstroms, the test confirmed that the short circuit
occurred in an oxygen rich atmosphere and therefore
was the cause of the fire. The relatively high level to
which the oxygen concentration fell and was main-
tained to substantially greater depths suggests that some
overcurrent heating of the wiring may have occurred
prior to the short circuit which caused the fire.

EXAMPLE 11

A copper conductor in a branch circuit in a small
utility room was selected having melt beads. The melt
beads and a surface of the conductor 1 inch away from
the melt bead were both measured in-the manner de-
scribed above.

The data from this measurement is plotted in FIG. 4
and shows that the oxygen concentration rose to sub-
stantial peaks and levelled off remaining high for very
substantial depths into the conductor. This indicates, as
confirmed by other evidence at the fire, that the prob-
lem he with a faulty circuit breaker which allowed an
extensive overcurrent condition.

EXAMPLE III

A control conductor having a melt bead was re-
moved from an automatic coffee maker which had been

10

15

20

25

30

35

40

45

30

335

60

63

8
present in a fire. The melt bead was analyzed in accor-
dance with the methods described above and the data is
plotted in FIG. §. The occurrence of the peak oxygen
concentration at substantially 200 angstroms and its

relatively rapid decrease thereafter indicates that the
short circuit was caused by fire.

EXAMPLE 1V

A copper conductor from an attic involved in a fire
and having a melt bead was selected and measured in
accordance with the above described methods. The
results of that measurement is plotted in FIG. 6.

The graph of FIG. 6 illustrates that the peak oxygen
concentration occurs substantially below 200 angstroms
and that the curve has begun to level off by a depth of
about 200 angstroms. This therefore indicates that the
short circuit involved did not cause the fire but rather
occurred while the fire was in progress.

We claim:

1. A method for testing for whether an excessively
high electrical current caused or was caused by a fire,
said method comprising:

(a) selecting from the region of said fire a specimen
which 1s an electrical conductor having a portion
which has been melted after original manufacture;
and

(b) measuring and recording the relative oxygen con-
centration at a plurality of depths below the surface
of said melted portion.

2. A method in accordance with claim 1 wherein said
melted portion is a melt bead having a region of rela-
tively smooth surface.

3. A method in accordance with claim 2 wherein said
beaded specimen 1s a severed end of a piece of electrical
wiring.

4. A method in accordance with claim 1 or claim 3
further comprising plotting a graph of said relative
oxygen concentration as a function of depth for use in
visual analysis.

5. A method in accordance with claim 1 wherein said
measuring 1s accomplished by Auger electron spectros-
copy.

6. A method in accordance with claim 1 wherein said
measuring is accomplished by electron spectroscopy for
chemical analysis. |

7. A method in accordance with claim 1 wherein said
measuring is accomplished by secondary ion mass spec-
fromeiry.

8. A method in accordance with claim 1 wherein said
method further comprises measuring the depth at which
the relative oxygen concentration is at a peak.

9. A method in accordance with claim 1 wherein said
measuring and recording steps further comprise the
steps of: |

(a) exposing a cross-sectional surface through said
portion; and

(b) measured by a line scan, spectroscopic, surface
analysis, the relative oxygen concentration across
sald cross-sectional surface.

10. A method for determining whether an electrical
wiring short circuit in the vicinity of a fire caused or
was caused by the fire, said method comprising:

(a) selecting a melt bead formed of electrical wiring

material located at the short circuit: and

(b) measuring the depth at which the relative oxygen
concentration below the surface of said melt bead
reaches a peak; whereby the occurrence of said
depth at least than substantially 200 angstroms is
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indicative of the short being caused by the fireand  yiring short circuit in the vicinity of a fire caused or
the occurrence of said depth at greater than sub-

stantially 200 angstroms and less than substantially =~ W2 caused by the fire, said method comprising:

is indicati : (a) selecting a melt bead formed of §lectﬁcﬂ wiring
iﬁgeagf ﬁf; Ifl‘:fefs indicative of the short being the 5 material located at the short circuit; and

sai?il;n‘;t?; fit?l?ftl::r i%c;;c:?sﬁzem\:;;ﬁg:lzr?h:%;:ﬁeg? (b) measuring the peak relative oxygen concentration

tive oxygen concentration beneath said surface. below the surface of said melt bead.
12. A method for determining whether an electrical * % & * X%
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